of trials on which they chose the delay option is used as a dependent measure. Theoretically, the arousing features in these tests differ (Imuta, Hayne, & Scarf, 2014) . Specifically, in the marshmallow test, the immediate reward itself (one marshmallow) is salient and arousing, whereas the salient feature in the choice paradigm is the temporal aspect of the immediate choice (children can receive the reward now).
It has been shown that choosing the delay option in the task during early childhood is associated with several aspects of adolescent and adult life, including self-control, academic achievement, and health status (Casey et al., 2011; Mischel, Shoda, & Peake, 1988; Schlam, Wilson, Shoda, Mischel, & Ayduk, 2013) . For example, longer delay of gratification at the age of four years was associated with body mass index 30 years later. Therefore, although the results were not necessarily replicated in a subsequent study (Watts, Duncan, & Quan, 2018) , several studies examined how self-control abilities affect children's outcomes in later life, focusing on cognitive and biological mechanisms of self-control during early childhood.
Previous studies have examined the cognitive mechanisms underlying the delay of gratification during childhood (Duckworth & Steinberg, 2015; Metcalfe & Mischel, 1999) . These studies found two distinct processes that appear to affect delay of gratification.
One is a "hot" motivational mechanism, which leads individuals to act on immediately rewarding experiences (e.g., receiving a smaller reward immediately). The other is a "cool" regulatory mechanism, which is closely related to the concept of cognitive control or EF (Garon, Bryson, & Smith, 2008; Miyake et al., 2000) , which may enable us to favor long-term goals (e.g., receiving a larger reward later). Researchers have proposed that the delay of gratification is a product of the interplay between motivational and regulatory mechanisms (Eisenberg et al., 2004; Metcalfe & Mischel, 1999) . For example, in the choice paradigm, the two options are conflicting in terms of the size of the reward and time. That is, one option is advantageous in terms of the size of reward, but not temporally (five rewards later), whereas the other option shows the opposite pattern (one reward now). Thus, the cool system must resolve the conflict by reflecting on the two options and favoring the long-term goal, leading to a delay option.
Several factors affect how the cool/hot system works. For example, situational factors, such as how rewards are presented to the children, influence whether and how the hot system activates (Lemmon & Moore, 2007) . Cognitive factors, such as imagining the self in the future, which is related to the cool system, affect whether they chose to resist the temptation for an immediate reward (Garon et al., 2012) . Moreover, children's choice for a delay option was found to be strongly affected by social-environmental factors, such as parenting, although this study used a marshmallow test rather than a choice paradigm (Jacobsen, Huss, Fendrich, Kruesi, & Ziegenhain, 1997) . Finally, the maturational factor, children's age, plays an important role in the development of the cool system (Garon, 2016; Mischel & Metzner, 1962) . In the choice paradigm, Garon et al. (2012) showed that 2-year-old children did not consider the future self and focused on the quantity of rewards, 3-year-old children started to consider the future self, but the activations of the cool system were not strong enough to overcome the hot system, and 4-year-old children could envision the future self and choose to delay rewards. Thus, social and cognitive factors can be closely related to the developmental changes in children's choices.
However, the biological and neural factors underlying the delay of gratification in young children are largely unknown. Knowledge of the neural mechanism would contribute to our understanding of how and why the delay of gratification shows such developmental changes during early childhood. However, previous studies did not directly assess brain activation in preschool children. Thus, to our knowledge, no studies have examined the neural mechanisms underlying the delay of gratification in young children. The present study aimed to address this important gap in the literature.
We used functional near-infrared spectroscopy (fNIRS) to measure brain activity during a delay of gratification task in preschool children. Recent neuroimaging studies using fNIRS show that preschool children start to recruit the prefrontal cortex during cognitive aspects of EF tasks, with older children showing stronger prefrontal activations than young children did (Moriguchi & Hiraki, 2009 Tsujimoto, Yamamoto, Kawaguchi, Koizumi, & Sawaguchi, 2004) .
Previous simultaneous measurement studies using both fNIRS and functional magnetic resonance imaging (fMRI) have shown that adult participants exhibit significant activation in the right inferior frontal gyrus during delay of gratification tasks (Heinzel et al., 2013) . We examined whether the inferior prefrontal regions would be activated in preschool children during the delay of gratification task. Moreover, older children may show stronger activations than younger children would. In terms of the differences between delay and immediate choices, previous fMRI studies on adults have shown that the lateral prefrontal regions were significantly activated during delay choices (McClure, Laibson, Loewenstein, & Cohen, 2004; Peters & Büchel, 2011) . However, few studies assessed the issue in children.
Therefore, we examined whether preschool children showed differences in the right inferior prefrontal activations between delay and immediate choices.
We also examined the relationship between behavioral performance and activations in the prefrontal regions. Casey et al. (2011) reported that children who delayed their gratification (high delayers) showed stronger activation in the inferior frontal gyrus during a response inhibition task in adulthood than did those who did not delay their gratification (low delayers). Moreover, adult brain imaging studies repeatedly show that high delayers show stronger lateral prefrontal activations than low delayers do (Ballard & Knutson, 2009; Elton, Smith, Parrish, & Boettiger, 2017) . However, it is still unknown whether behavioral performance is related to activations in the prefrontal regions in young children. Thus, the present study examined the issue.
In Study 1, 3-to 6-year-old children were given a choice version of a delay of gratification task, and the inferior prefrontal activation during the task was assessed using fNIRS. We used the choice version because (a) the marshmallow test includes only a single trial and (b) the choice version is similar to tasks used in previous adult imaging studies. Study 2 aimed to replicate and extend the findings of Study 1 using a longitudinal design. In sum, we examined whether to their child's involvement in the study, which was conducted in accordance with the principles of the Declaration of Helsinki and was approved by the local ethics committee.
| Materials
We used a modified choice version of the delay of gratification task (Garon et al., 2012; Imuta et al., 2014) (Figure 1a ). Children were required to choose one of the two options presented on a 27 × 37 cm rectangular yellow box. There were two 13 × 18 cm colored boxes located on the game board. One green box had the word "Later"
written on the bottom, and this was the delay option. The other box was blue and had the word "Now" written on the bottom, and this was the immediate option. The position of the two boxes was counterbalanced across trials.
Stickers were used as rewards in this experiment. In this study, we prepared two options that differed in terms of the number of stickers (one sticker vs. four stickers), based on previous studies (Imuta et al., 2014) . Moreover, previous brain imaging studies used two options that differed quantitatively (Heinzel et al., 2013) . Before the experiment, children were allowed to choose one favorite
The NIRS probe was attached to the lateral prefrontal area. Each channel consisted of one emitter optode and one detector optode. The regions of interest were located near F7/8, corresponding to Channels 3, 4, and 6, and Channels 12, 13, and 15, respectively sticker out of three kinds of stickers, to maximize their motivation for the reward. We used different stickers for boys and girls (for girls, "Frozen," "Mickey Mouse," and "Winnie the Pooh" stickers, and for boys "Cars," "Mickey Mouse," and "Toy Story" stickers) because there is a gender difference in sticker preference, as shown in popular character rankings reported by IRIS Storage and Interia.com.
To avoid the possibility that children chose the immediate option to obtain one particular sticker, the sticker presented as the immediate option was also always presented as part of the delay option.
| Procedure
The experiment started with a warm-up phase in which children were handed a red arrow and were instructed to point to the blue "Now" box if they wanted the sticker immediately, or to the green "Later" box if they wanted to wait to get the stickers later. Then, two practice trials were conducted. In one trial, children were asked to choose one of the two boxes if they wanted the sticker immediately. In the other trial, they were asked to choose one of the two boxes if they wanted to wait to get the stickers later. After choosing either option, they were rewarded. All children easily completed the warm-up phase.
During the main experiment, children performed six consecutive test trials. Each trial consisted of a rest phase (15 s) and a test phase One might say that brain activations may be affected during the immediate choice because children have the option to touch or look at the stickers after the immediate choice, which may affect the hemodynamic responses. However, in the present study, though the stickers were placed near the children, they did not touch them after making their choice.
To exclude the possibility that the time taken to choose one of the two options differed, we compared the latencies of the Now and
Later options using paired t-tests. The analyses showed no significant differences between the time taken to choose Now (M = 1.60, SD = 1.50) and Later options (M = 1.64, SD = 1.47; t < 1.0, p = 0.83).
| NIRS recordings
NIRS measurements were performed during the delay of gratification task. A multichannel NIRS unit operating at wavelengths of 770
and 840 nm (OEG-16; Spectratech Inc., Tokyo, Japan) was used to measure temporal changes in the concentrations of oxygenated hemoglobin (oxy-Hb) and deoxygenated hemoglobin (deoxy-Hb; Figure 1b ). The NIRS probe included 12 optodes, which constituted 16 channels, and the probes were placed on the lateral prefrontal areas of each hemisphere. Each channel consisted of one emitter optode and one detector optode located 3 cm apart. The temporal resolution at each channel was approximately 666 ms.
The NIRS system cannot directly measure the activation of the deeper areas of the brain (Schroeter, Kupka, Mildner, Uludağ, & von Cramon, 2006) . Thus, the present study only assessed activation in the lateral prefrontal regions. The region of interest (ROI) was located near F7/8 of the International 10/20 system, corresponding to Brodmann's areas (BA) 45/47. These areas (i.e., the inferior prefrontal regions) have been shown to be activated during delayed discounting tasks (Heinzel et al., 2013) . The lower row of the NIRS probe was spread between F7 and F8, and the center point of the probe was placed at Fpz. The spatial resolution of NIRS is relatively low; therefore, Channels 3, 4, and 6, and Channels 12, 13, and 15
were defined as corresponding to the right and left inferior prefrontal regions, respectively ( Figure 1b ).
We measured changes in oxy-Hb and deoxy-Hb in the lateral prefrontal areas during the rest and task phases. We analyzed the NIRS data using OEG-16 software V3.0 (Spectratech Inc., Tokyo, Japan) and Python 3.6.4 (https://www.python.org/). First, the rest and task phases in which motion artifacts were revealed by the video recordings and NIRS data were discarded. The raw data were then filtered with the moving average (calculated from five data points), and then baseline correction was performed using linear fitting. For each subject, the average changes in oxy-Hb and deoxy-Hb during the rest and task phases were calculated for each channel. The NIRS signal was separated into functional (i.e., brain activation) and systematic (i.e., physiological noise) components based on a negative or positive linear relationship between oxy-Hb and deoxy-Hb changes (Moriguchi & Shinohara, 2018; Yamada, Umeyama, & Matsuda, 2012) .
| Results

| Behavioral results
We calculated the number of trials in which children chose the delay option. Previous studies have reported that children's choice of the delay option increases with age (Imuta et al., 2014) . Therefore, we examined whether children's age in months was correlated with the number of delay choices, and found a significant correlation between the variables (r = 0.25. p = 0.013). Older children were more likely to choose the delay option than were younger children.
| NIRS results
The results for oxy-Hb and deoxy-Hb were consistent after separating the NIRS signal into functional and systematic components.
Here, we report the oxy-Hb results. The significance of the difference between changes involving oxy-Hb for the rest and task phases was determined by a two-tailed Student's t-test for each channel. As multiple comparisons were conducted, we applied a 0.008 (0.05/6) alpha level of significance for the first analysis (six channels) and 0.004 (0.05/12) for the second analysis (two groups and six channels). For the third analysis, we focused on the channel that was found to be significantly activated in the first and second analyses. Next, given that a previous study showed a different profile between high and low delayers (Casey et al., 2011) , we classified children into high and low delayers according to whether they chose the delay option in more than 4 trials. Consequently, 32 and 67 children were classified as high and low delayers, respectively. We compared the activation of inferior prefrontal regions in high delayers to the activation in low delayers (Figure 3) .
Given that the age in months was higher for high delayers (M age = 5 years 4 months, SD = 11.4 months) than for low delayers (M age = 4 years 10 months, SD = 9.8 months) (t(97) = −2.224, p = 0.028, d = 0.47), we examined whether behavioral performance as well as age in months predicted the activation in their inferior prefrontal regions. We conducted a regression analysis with age in months and group (high vs. low delayers) as the independent variables and mean changes in oxy-Hb (Channel 3) as the dependent variable ( Table 1) . The results revealed a significant main effect 
| Discussion
Our results revealed that the right inferior prefrontal regions of children were engaged to a greater extent during the choice version of the delay of gratification task than during rest phases. Specifically, the inferior prefrontal regions of the children were activated during immediate choices but not during delay choices. Previous adult fMRI studies have reported that the inferior frontal gyrus was activated However, some recent studies using continuous theta burst transcranial magnetic stimulation (cTBS) showed that the suppression of the lateral prefrontal regions resulted in delay choices (Cho et al., 2010 (Cho et al., , 2012 In terms of the relationship between the behavioral performance and the prefrontal activations, the present results were less clear.
The number of delay choices was not significantly correlated with the activations in the prefrontal regions. There were some differences in the prefrontal activations when we categorized children into high and low delayers, showing that low delayers exhibited stronger prefrontal activations while high delayers did not.
Given that our results were inconsistent with the findings of adult fMRI studies, we sought to replicate and extend the findings of Study 1 in Study 2, which had two aims. First, we aimed to replicate the finding that the inferior prefrontal regions were activated in children during immediate choices but not during delay ones. Second, using a longitudinal design, we examined whether children with lower behavioral performance showed stronger prefrontal activations. We conducted a longitudinal study because, while cross-sectional research can clarify the relationship between brain activation and cognitive performance between groups, it cannot address how these two variables are related. Thus, in Study 2, we investigated whether changes in behavioral performance are related to changes in the activation of the inferior prefrontal regions, using a longitudinal design.
We recruited low delayers in Study 1 because these children had a greater potential to improve their performance on the delay of gratification task. The children performed the same choice tasks at the first and second tests (Times 1 and 2). Inferior prefrontal activation during the tasks was assessed using the NIRS system. We examined whether changes in behavioral performances were related to the changes in the prefrontal activations between Times 1 and 2. 
| Materials and procedure
The materials and procedure were the same as those used in Study 1.
| NIRS recordings
NIRS measurements were the same as those used in Study 1.
| Results
| Behavioral results
The change in the number of delay choices between Time 1 and Time 2 was analyzed using a paired t-test. We observed a significant difference, in that children were more likely to choose the delay option at Time 2 than at Time 1 (t(44) = −4.238, p < 0.001, d = 1.20; Figure 4a ).
| NIRS results
Two children refused to wear the fNIRS probe, and therefore, they were excluded from the analysis. Considering the results of Study 1, we focused on the right inferior prefrontal regions (Channel 3) in the TA B L E 1 Hierarchical regression analysis for variables predicting right lateral prefrontal activation (Channel 3)
B SE B β
Step 1 Age in months 0.001 0.000 −0.052
Step 2 Figure 4b ).
Second, we analyzed whether children showed activation in
Channel 3 when they chose immediate or delay options. We conducted Student's t-tests to assess whether children showed greater inferior prefrontal activation in the averaged delay or immediate choices during the task phases rather than the rest phases. Six children chose the immediate option in all trials, and four chose the delay option in all trials; therefore, these children were only included in the corresponding analysis. The analyses revealed that children showed significant activation in Channel 3 in immediate choices (t(38) = 2.456, p = 0.019, d = 0.56), but not in delay choices (t(36) = 1.648, p = 0.108, d = 0.38; Figure 4c ).
Next, we examined whether changes in behavioral performance were related to changes activation in the inferior prefrontal regions.
First, we calculated a Pearson correlation between the changes in behavioral performance and those in the prefrontal activations. The results yielded no significant correlations after controlling for age in months (r = 0.14. p = 0.363).
Study 1 showed the differences between high and low delayers, and therefore, we then split the children into two categories, improved and non-improved groups. Specifically, children were classified as improved if they were low delayers at Time 1 but chose the delay option in more than four trials at Time 2; otherwise, they were classified as non-improved. Seventeen children were classified as improved (M age = 5 years 6 months, SD = 6.2 months) and 26 as non-improved (M age = 5 years 8 months, SD = 7.5 months). Age in months did not differ between these two groups, and therefore, we did not consider the variable in Study 2 (t < 1.0).
We examined whether changes in the prefrontal activations dif- 
| Discussion
In Study 2, as in Study 1, the activation of the right inferior prefrontal regions was observed in children during the delay of gratification tasks. Moreover, the children showed significantly greater prefrontal activation when they chose the immediate option rather than the delay option. Thus, Study 2 generally replicated the results of Study 1.
We found no significant relationship between changes in the behavioral performance and changes in the prefrontal activations.
Both the correlational and categorical analyses revealed no significant relationship between them. The results of Study 2 did not support our hypothesis that change in the delay choice may be related to the activations in the prefrontal regions.
| G ENER AL D ISCUSS I ON
In this study, with a relatively large sample size, we examined
whether ( The results generally showed activations in the right inferior prefrontal regions during the task (Aim a). This may be the first neuroimaging study on the delay of gratification in young children.
Traditionally, researchers have focused on the neural mechanism of cognitive aspects of EF, such as working memory, inhibition, and cognitive flexibility in young children (Moriguchi, 2017) . However, emotional aspects of EF, such as delay of gratification and gambling tasks, during early childhood have not been largely neglected. Zelazo and colleagues proposed that orbitofrontal cortex may be responsible for emotional aspects of EF, whereas the cognitive aspects of EF are subserved by the lateral prefrontal cortex (Zelazo & Carlson, 2012) . However, we showed that the lateral prefrontal cortex may be related to delay of gratification in young children.
In terms of Aim b, behavioral data showed that older children were more likely to choose the delay option, but we did not find evidence that older children showed stronger activations than younger children did. We also examined whether children showed differences in right inferior prefrontal activations between the delay and immediate choices (Aim c). Our findings confirmed these differences. Specifically, in Study 1 and 2, the right inferior prefrontal regions were activated during immediate choices but not during delay choices.
The present results are inconsistent with those of adult neuroimaging studies, where the inferior frontal gyrus was often activated when adults chose a delayed reward over a small immediate one (Heinzel et al., 2013; McClure et al., 2004) . One possible interpretation of the different results is that, when choosing an immediate option, children may strongly recruit the effortful control, but they may fail to choose the delay option. On the other hand, children may not need to recruit the prefrontal regions to choose the delay option. Indeed, research with adolescents suggests that the immediate choice, which is considered impulsive, may involve the lateral prefrontal regions because adolescents recruited effortful control to delay gratification, but still fail to choose the delayed options. (de Water et al., 2017) . Thus, activation of the right inferior prefrontal regions may reflect children's struggle to delay gratification.
In terms of Aim d, the present results are inconclusive. In Study 1 and 2, we did not find significant correlations between behavioral performance and prefrontal activations. On the other hand, when we categorized children into two groups based on the performance (i.e., high delayers vs. low delayers), we observed some differences in the prefrontal activations of the two groups. Taken together, it is difficult to draw strong conclusions about the relationship between the number of delay choices and prefrontal activations from the present study. Future studies need to assess the issue.
One possible practical implication of the present study is that we may use brain measures as well as behavioral measures to assess the development of self-control. It has been shown that brain measures are often more sensitive to child development than behavioral measures are. For example, research on language development showed that language-specific discrimination for phonetic contrasts is observed at around 6-12 months when behavioral measures are used, but electrophysiological brain measures revealed the same at around 4 months (Friederici, Friedrich, & Christophe, 2007) . Therefore, although it is unclear whether the same is true for the development of self-control, we may be able to identify children who have difficulty with self-control earlier by using brain measures rather than behavioral measures.
We must note the limitations of this study. First, we did not assess how the hot system interacted with the activations of the prefrontal regions. In this study, all children were asked to choose their favorite stickers from three kinds of stickers, and we assumed that the activation of the hot system did not differ across children.
Nevertheless, we cannot deny the possibility that there may be individual differences in the activation of the hot system. One possible solution is to use behavioral and physiological measures to assess the hot system (Neuenschwander & Blair, 2017) . Second, we did not assess children's cognitive strategies during the task. Some children may use cognitive strategies, while other may not. Indeed, a previous fMRI study has shown that children's strategies may affect the functional connectivity between the prefrontal/parietal regions and the reward system (Luerssen, Gyurak, Ayduk, Wendelken, & Bunge, 2015) . Thus, we can examine the issue further by asking children about their strategies.
Despite the limitations of the present study, we firstly showed that the inferior prefrontal cortex may play an important role in the delay of gratification in young children. Specifically, we consistently showed that the right inferior prefrontal regions were activated during immediate choices but not during delay choices in cross-sectional and longitudinal designs, which demonstrates the robustness of our findings. Moreover, we reported some relationship between the number of delay choices and prefrontal activations, although inconclusive. Thus, this study would be a first step to understand neural mechanism of delay of gratification in young children.
F I G U R E 5 FNIRS data for the non-improved and improved groups during the delay of gratification task in Study 2. The grand averaged data during the task phases compared with rest phases have been shown. The numbers (1-16) indicate the respective channel of the NIRS probe
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